Estrogens induce both proliferative and antiproliferative responses in the prostate gland. To date, antiproliferative effects of estrogens are generally considered to be due to systemic antiandrogenic actions. However, estrogen action mediated through estrogen receptor (ER) ␤ was recently suggested as another mechanism of induction of apoptosis in the prostate. This study aimed to explore the hypothesis that the antiproliferative effects of estrogen are directly mediated through ER␤ using a prostate organ culture system. We previously reported effects of 17␤-estradiol (E 2 ) using rat ventral prostate (VP) tissues, and adapted the system for culturing mouse tissues. In both rat and mouse models, estrogen-induced apoptosis was detected that was spatially and regionally localized to the epithelium of the distal tips. Using organ cultures of ␣ER knockout (␣ERKO) and ␤ERKO prostates, we failed to demonstrate that apoptosis induced by E 2 was mediated through either receptor subtype. Activation of ER-selective ligands (ER␣, propyl pyrazole triol, ER␤, diaryl-proprionitrile, and 5␣-androstane-3␤,17␤-diol) in organ culture experiments failed to induce apoptosis, as did the membrane impermeable conjugate E 2 :BSA, discounting the possibility of nongenomic effects. Consequently, E 2 regulation of androgen receptor (AR) expression was examined and, in the presence of nanomolar testosterone levels, E 2 caused a specific reduction in AR protein expression in wild-type, ␣ERKO, and ␤ERKO mice, particularly in the distal region where apoptosis was detected. This down-regulation of AR protein provides a possible mechanism for the proapoptotic action of E 2 that is independent of ERs or nongenomic effects. 
H IGH DOSES OF estrogens inhibit prostate growth both
in vivo and in vitro. However, in vivo experiments are complicated by the fact that estrogens exert indirect effects on the prostate, by negative feedback on the hypothalamicpituitary gonadal axis, thereby suppressing androgen production. Any reduction in androgen levels, androgen receptor (AR) expression, or androgen signaling will result in atrophy, decreased secretory activity, and apoptosis in the epithelium (1) . In addition to indirect effects of estrogen in modulating androgen production, estrogens also have direct effects on the prostate itself. Evidence that estrogens act directly upon the prostate is implied because the estrogen receptors (ERs) ␣ and ␤ reside within the gland. The expression of the ERs has been described in the developing and adult prostate and they are differentially localized; ER␣ is predominantly found in the stroma (2, 3) , although it can be detected in the epithelium after estrogen exposure (4) , and ER␤ is predominantly found in the epithelium (3, 5, 6) .
Estrogens induce both proliferative and antiproliferative effects in the prostate. Several studies have identified that ER␣ is responsible for mediating proliferative actions by estrogens on the prostate during development and adulthood (4, 5) . A previous study by Prins et al. (5) used ␣ER knockout (␣ERKO) and ␤ERKO mice to demonstrate that ER␣ was the dominant ER form mediating developmental estrogenization of the prostate gland. Squamous metaplasia is another biological response induced by exogenous estrogen exposure that is mediated via ER␣ as demonstrated by tissue recombination studies (4) .
Although ER␤ is the predominant epithelial ER residing in the prostate, a biological endpoint mediated through this receptor remains to be defined. It was postulated that direct antiproliferative effects of estrogens in the prostate are mediated through ER␤ (7) (8) (9) (10) . This hypothesis is based on several lines of correlative evidence. Firstly, mice deficient in ER␤ (␤ERKO) were reported to demonstrate foci of epithelial prostate hyperplasia upon aging that was associated with higher proliferative and lower apoptotic indexes (8 -10) , although this phenotype was not confirmed by other laboratories (5, 11, 12) . Secondly, administration of antiestrogens (tamoxifen and ICI 182,780) to the human prostate cancer cell line, DU145, which express only ER␤, and not ER␣, caused growth inhibition (13) and cotreatment of DU145 cells with ER␤-antisense oligonucleotide reversed the antiproliferative effects induce by ICI 182,780 (13) , suggesting that ER␤ mediated growth-inhibitory actions of antiestrogens in tumor cells. Thirdly, ER␤ binds to electrophile/antioxidant response elements that stimulate induction of genes such as quinone reductase and gluthanthione S-transferase that are protective against carcinogenesis (14) . Although these associated data infer antiproliferative actions mediated by ER␤, direct evidence is not available.
The problem with demonstrating that ER␤ induces antiproliferative or proapoptotic responses relates to the exquisite sensitivity of the prostate to changes in androgens, or androgen signaling, associated with estrogen administration in vivo. Therefore, to circumvent the centrally mediated effects of estrogens in decreasing serum androgen levels, we have developed an organ culture system where prostate lobes are grown in a defined hormonal environment, so that androgen levels are maintained, and direct effects of estrogens can be examined. We previously used this system using rat ventral prostate (VP) lobes (15) . Here we report for the first time that this organ culture model can be adapted to allow maintenance of mouse prostate lobes in vitro, thereby permitting the use of genetically altered mouse models in such experiments. In this study, we have used ER genetargeted models (␣ERKO and ␤ERKO mice) to study the specific role of each receptor subtype in mediating antiproliferative effects of estrogen on the developing prostate. In addition, we have adapted a complementary, alternative approach using several ER subtype-selective ligands to delineate ER-mediated events. The aim of this study was to test the hypothesis that ER␤ activation directly mediates apoptotic effects in the developing rodent prostate, independent of regulation of androgen levels. 
Materials and Methods

Animals and tissue collection
Organ culture
Organ culture was carried out as previously described in rat (15, 18) , although there were some modifications to satisfy mouse organ culture conditions. Pilot studies in C57BL/6J mice demonstrated that mice needed to be at least postnatal d 1 (weight range 1.5-2.0 g) to undergo normal branching morphogenesis (data not shown). Briefly, all animals from each litter (␣ERKO and ␤ERKO colonies) were cultured blind because the genotypes were unknown at the beginning of the culture. Mice were killed by decapitation and tail snips collected from each of the KO mice for genotyping.
Tissue collection for mouse and rat tissues involved microdissection of VPs (rat lobes collected independently and mouse lobes collected as two lobes together). Each explant was cultured on Millicell CM filters (Millipore Corp., Bedford, MA) floating on 500 l of nutrient media in a four-well plate at 37 C in a humidified 5% CO 2 incubator. A basal medium of DMEM/Ham's F-12, 1:1 (vol/vol) lacking phenol red, supplemented with insulin (10 g/ml) and transferrin (10 g/ml) was used in all experimental groups. The medium was supplemented with 10 nm testosterone (T), and treatment groups were cultured with high doses of 17␤-estradiol (E 2 ; 15 m) together with 10 nm T or E 2 alone. Other estrogenic compounds were tested including 3␤Adiol (5␣-androstane-3␤,17␤-diol; putative ER␤ ligand), E 2 :BSA (Sigma-Aldrich, St. Louis, MO), an ER␣-selective ligand [1,35-(4- The organs were harvested after 5 d of culture. Explants were photographed, fixed in Bouins fixative for 1 h at room temperature, and then processed to paraffin for histological and stereological analysis.
Histology
Fixed tissues were processed and embedded in paraffin for histological analysis. Care was taken to ensure tissues were embedded so that longitudinal sections could be obtained. Serial 5-m sections were cut on a microtome and dried onto Superfrost Plusϩ slides (Menzel-Glazer, Braunschweig, Germany) before histological and stereological examination. Hematoxylin and eosin (H&E) staining was performed on every fifth section to examine the pathology throughout the whole tissue. 
Detection of apoptosis
Immunohistochemistry
Immunolocalization of AR and ERs ␣ (ER␣) and ␤ (ER␤) was detected using the Dako Autostainer Universal Staining System (Dako A/S, Carpinteria, CA). Immunostaining was conducted on n ϭ 3 animals from each group, including n ϭ 10 sections (i.e. every fifth or sixth section, depending on the tissue size) from each tissue to sample throughout the explant. Immunoreactivity for AR, ER␣, and ER␤ was detected after sections were subjected to microwave antigen retrieval in 0.01 m citrate buffer (pH 6.0), boiling for 20 min. Antigen retrieval for caspase-3 immunoreactivity was carried out in 0.01 m sodium citrate buffer (pH 6.0), boiling for 10 min. All sections were then treated with peroxidase blocking reagent (Dako Envision System kit; Dako) for 30 min, and nonspecific binding was blocked using CAS block for at least 30 min (Zymed). Monoclonal antibody AR (N-20) (Santa Cruz Biotechnology Inc., Santa Cruz, CA) at a working concentration of 0.33 g/ml or concentration-matched rabbit IgG (Dako) for 1 h at room temperature. Monoclonal ER␣ (1D5) (Dako Corp., Carpinteria, CA) and monoclonal antibody ER␤ (NCL-ER-␤) (Novocastra Laboratories Ltd., UK) at working concentrations of 14 g/ml and 1 g/ml, respectively, for 2 h at room temperature. Polyclonal antibody cleaved caspase-3 (Asp175) (Cell Signaling Technology, Inc., Beverly, MA) at a working concentration of 1 g/ml for 2 h at room temperature. Antibodies were detected by incubation with peroxidase-labeled polymer (Dako Envision System; Dako), which is conjugated to antimouse and antirabbit Igs, for 15 min at room temperature and then color reacted with 3,3Ј-diaminobenzidine tetrahydrochloride (liquid substrate kit) for 5 min. The reactions were stopped in water, and sections were counterstained with Mayer's hematoxylin, dehydrated, cleared, and mounted.
Semiquantitation of apoptosis
The incidence of apoptosis was estimated based on a method that allowed an unbiased semiquantitation of the percentage of apoptotic cells in both treated and control samples (19) . Tissue sections were mapped at ϫ40 magnification to define tissue boundaries. Random fields were systematically selected by computer-assisted software: CAST version 1.10 software (Computer Assisted Stereological Toolbox) (Olympus Danmark A/S, Albertslund, Denmark), and sampling was conducted using a three-by-two unbiased counting frame. Frame counting was performed on 10 sections uniformly spaced throughout the tissue, n ϭ 3 for each group, with an average of 1500 cells counted per section. Cells were classified as either apoptotic or nonapoptotic-based on Apoptag labeling (only fully stained apoptotic cells that exhibited histological characteristics typical of cells undergoing programmed cell death were counted as positive, thereby avoiding counts of end stage apoptotic bodies) and represented as percentage of total cells. All data were expressed as the mean Ϯ sem. Control and treatment groups were compared using a two-tailed paired t test, with the significance threshold employed at a level of 5% (P Ͻ 0.05). All data analyses were conducted using Prism 2.01 software (GraphPad Software, Inc., San Diego, CA).
Results
Effect of E 2 on rat prostate development in vitro
Organ culture of rat VP in the presence of T (10 nm) has been described previously (15) , mimicking in vivo development in vitro (Fig. 1A) . In addition, we previously demonstrated that culture of neonatal rat VPs in the presence of T plus E 2 (15 m) retards growth and reduces the extent of branching morphogenesis (15) (Fig. 1B) . Administration of T plus E 2 to neonatal rat VPs in vitro altered stromal cell differentiation, particularly smooth muscle development, as well as perturbed epithelial differentiation (15) . Figure 1 , C and D, shows that, in explants of rat VP, reduced growth is associated with an increase in the incidence of apoptosis in organs cultured in the presence of T plus E 2 , compared with T alone, as detected by ApopTag labeling. The incidence of apoptosis was very low in media containing T alone (Fig. 1C) , but in the presence of T plus E 2 , there was a significant increase in the incidence of apoptosis that was predominantly found in the differentiating epithelial cells of the distal region, where branching morphogenesis and epithelial cord formation occurs (Fig. 1D ). The incidence of apoptosis was confirmed using a second detection technique, specifically immunolocalization of cleaved caspase-3 (one of the key executioners of apoptotic pathway). Using this approach, a similar incidence of apoptosis was observed after T alone and T plus E 2 (data not shown). The incidence of apoptosis was estimated using a semiquantitation technique, which revealed an approximately 8-fold increase in the percentage of cells undergoing apoptosis after T plus E 2 (5.25 Ϯ 0.17%) treatment compared with T alone (0.65 Ϯ 0.03%; Table 1 ).
Establishment of mouse VP organ culture; comparison to in vivo tissues
To perform experiments using genetically altered mice, we adapted the organ culture technique for mouse prostate and report here in vitro development of mouse VPs for the first time. Specifically, we used older mouse tissues (d 1-2 postnatal rather than day of birth), and cultured paired organs connected by shared mesenchyme, rather than isolated lobes. Using these regimes, we were able to maintain the integrity of the glands for up to 5 d of culture and the development of explants cultured in vitro was similar to that observed in age-matched in vivo tissues (Fig. 2 , A-J). Tissues were isolated on d 1 after birth, and each VP lobe consisted of two main ducts that had initiated branching ( Fig. 2A) . A histological section of these tissues revealed undifferentiated epithelial cords invading the surrounding mesenchyme (Fig. 2B ). To confirm that the development we observed in vitro mimicked that observed in vivo, we isolated mouse VP lobes from postnatal d 4 ( Fig. 2C ) and 8 (Fig. 2D) . Over the first 6 -8 d in vivo, mouse VPs undergo extensive growth and significant branching morphogenesis occurs (Fig. 2, C and D) . Histologically, postnatal d 8 VPs exhibit proximal to distal maturation of the ducts with some canalization and maturation in the proximal region, whereas the distal tips remain undifferentiated and continue budding into the surrounding mesenchyme (Fig. 2E ). There is little lumen formation at the stage of development. By comparison, mouse VPs that were isolated at d 1-2 (Fig. 2, A and B) were maintained in vitro in the presence of T alone for 5-6 d (equivalent of in vivo d 8) and underwent similar development involving branching morphogenesis and ductal formation (Fig. 2, F and G). The main difference between these in vitro explants and the equivalent in vivo tissues is architecture of the lobes; in vivo tissues maintain three-dimensional structure, whereas the in vitro explants tend to grow in a flattened manner, generating a more two-dimensional shape. Nonetheless, histological analysis of the in vitro explants revealed similar maturation and differentiation to comparative in vivo explants, although more advanced canalization and lumen formation (Fig. 2H ). Differentiation and organization occurred in a proximal to distal manner, with the most ad- vanced development observed in the proximal region and newly forming ductal structures in the distal region (Fig. 2,  I and J). In the proximal region, the epithelium became polarized and secretory epithelial cells were observed in addition to the underlying basal cells (Fig. 2I) , whereas the epithelium was actively differentiating and proliferating in the distal tips (Fig. 2J) .
Effect of E 2 on wild-type (WT) mouse VP growth in vitro
In the presence of 10 nm T, the growth inhibitory effects of E 2 were dose responsive over a concentration range 10 nm to 20 m (Fig. 3, A-F) , consistent with previous observations (15) . High E 2 concentrations (micromolar) significantly reduced prostate growth, whereas lower concentrations (nanomolar) reduced the inhibitory effect such that explants were not significantly different from control explants. Similar to previous studies in rat VPs (15) , a concentration of 15 m was chosen to further investigate the mechanism of estrogeninduced apoptosis in the mouse VP.
Mouse VPs from WT mice were cultured in the presence of T alone (10 nm) and normal growth was observed in vitro, as described above (Fig. 4A) . When cultured in the presence of T plus E 2 (15 m), branching morphogenesis was reduced (Fig. 4B ) so that there were generally fewer secondary and terminal branches; the main branches were elongated and distended, rather than forming new branches. In some regions, these ducts were dilated and cystic (Fig. 4B) . The incidence of apoptosis in mouse VPs after culture in the presence of T alone, and T plus E 2 is shown in Fig. 4 , C-F. An examination of proximal and distal regions revealed very few apoptotic cells after culture in the presence of T alone (Fig. 4C) . In contrast, treatment with T plus E 2 induced a significant amount of apoptosis that was specifically in the epithelium of the distal tips (Fig. 4D ). These observations in the WT mouse were similar to the responses observed in the rat VP organ cultures (Fig. 1) . Interestingly, apoptotic cells were noted adjacent to cells actively undergoing mitosis, indicating that proliferation was concurrent with cell death (Fig. 4, C and D) . The incidence of apoptosis was confirmed using immunolocalization of cleaved caspase-3 and using this approach, a similar incidence of apoptosis was observed after T alone (Fig. 4E) and T plus E 2 (Fig. 4F) . Semiquantitation revealed a significant increase in the percentage of cells undergoing apoptosis in the mouse VPs, at similar levels to that observed in the rat tissues (T alone, 0.54 Ϯ 0.13% vs. T plus E 2 , 5.10 Ϯ 1.13%; Table 1 ).
Localization of ERs
After culture in the presence of T alone, regional variation in the expression of ERs was observed. ER␣ immunostaining was restricted to individual cells within the proximal region, specifically in mesenchymal cells (Fig. 5, A and B) . In contrast to ER␣ immunoreactivity, ER␤ immunoreactivity was observed in both the proximal and distal regions. Proximally, nuclear ER␤ staining was localized to smooth muscle, stromal and epithelial cell types (Fig. 5C) . Comparatively, in the distal region ER␤ immunoreactivity was predominantly localized to the smooth muscle and stromal cells; however, weak basal epithelial cell staining was apparent (Fig. 5D) . After 5 d of culture in the presence of T plus E 2 , immunolocalization of ER␣ was down-regulated so that it was low/ undetectable in both proximal and distal regions (Fig. 5E) , whereas ER␤ was up-regulated, particularly in the epithelial cells in the distal regions of the gland (Fig. 5F ), where the majority of apoptotic cells were observed. There was no apparent difference in stromal cell expression of ER␤ throughout the gland when compared with T-treated controls after E 2 treatment. This apparent increase in ER␤, together with the concurrent expression in the region where cells were undergoing apoptosis, further supported the idea that estrogen-induced apoptosis may be mediated through this receptor. Therefore, this hypothesis was tested in ERKO mouse VPs.
Effect of E 2 on ␣ERKO and ␤ERKO mouse VP growth in vitro
After 5 d of culture with T alone, ␣ERKO and ␤ERKO VPs had apparently normal branching morphogenesis and no gross abnormalities were observed (Fig. 6, A and B) . In the presence of T alone, ␣ERKO and ␤ERKO mouse VPs showed a very low incidence of apoptosis throughout, after examination of proximal and distal regions (Fig. 6, C 
FIG. 5. Immunolocalization of ER␣ and ER␤ mouse VPs after organ culture in the presence of T alone (A-D) and T plus E 2 (E and F). Localization of each receptor was variable between the proximal (A, B, E, and F) and distal (C and D) region of the explants. Bar, 25 m in all photomicrographs.
6, E and F). In ␣ERKO mice, growth was more reminiscent of explants cultured with T alone, although some regions still had ducts that were dilated and cystic (Fig. 6E) . However, in the presence of T plus E 2 , both ␣ERKO and ␤ERKO mice exhibited a significant increase in the incidence of apoptosis, particularly in the distal epithelial tips (Fig. 6 , G and H), indicating that estrogen-induced apoptosis still occurred in the absence of functional ER␣ or ER␤. This increase in apoptosis in ␣ERKO and ␤ERKO mouse VPs after T plus E 2 treatment was confirmed by immunolocalization of cleaved caspase-3 (data not shown) and semiquantitation ( Table 1) .
Effect of ER␣-and ER␤-selective ligands on mouse prostate development in vitro
To confirm whether estrogen-induced apoptosis was mediated through either ER␣ or ER␤, we investigated the biological response to ER␣-and ER␤-selective ligands on mouse prostate development. WT C57BL/J6 mice were used for this study. To validate the use of the subtype-specific ER ligands, vehicle only controls were conducted and explants were similar to T-treated explants (data not shown). In the presence of T alone, explants developed similar to that observed in vivo, and extensive branching morphogenesis occurred (Fig. 7A) . Histologically, the epithelium became polarized and secretory epithelial cells were observed in addition to the underlying basal cells, concurrent with differentiation and organization of the surrounding stromal tissue (Fig. 7B) . The incidence of apoptosis was low, consistent with previous observations (Fig. 7C) .
When cultured in the presence of T plus an ER␣-specific ligand (PPT; 10 m), explants showed a striking reduction in growth (Fig. 7D) . The size of the explants was significantly smaller and there was less branching morphogenesis. Concurrent with the reduction in growth of PPT-treated explants, histological examination by H&E staining revealed significant morphological alterations with ductal branching, elongation and canalization interrupted throughout the entire gland (Fig. 7E) . The spatial and regional organization was not apparent, and the ductal architecture was severely altered. Similar to T-treated controls, the incidence of apoptosis was also low because very few cells were detected by ApopTag labeling (Fig. 7F) or immunolocalization of cleaved caspase-3 (data not shown).
After 5 d of culture with T plus an ER␤-specific ligand (DPN; 10 m), mouse VPs were larger than explants treated with T alone (Fig. 7G) . This enlargement appeared to be the result of excessive dilation of the ducts that may be associated with increased production of secretory products. H&E examination revealed several differences in cellular morphology when compared with T-treated control explants (Fig.  7H) . In T plus DPN-treated explants, branching morphogenesis appeared reduced with generally fewer secondary and tertiary branches. The main ductal branches appeared elongated and distended with large lumen spaces. Epithelial cell differentiation appeared well developed throughout the entire tissue, with pseudostratified columnar epithelium lining the majority of the ductal length (Fig. 7H) . Similarly to T and T plus PPT (ER␣-specific ligand)-treated explants, the incidence of apoptosis remained very low in T plus DPN (ER␤-specific ligand)-treated explants (Fig. 7I) .
Effect of 3␤Adiol on rodent prostate development in vitro
The T metabolite 3␤Adiol is reported to be a specific ligand for ER␤ in the prostate (9, 20) . To test whether 3␤Adiol was able to induce apoptosis in the developing rodent prostate similar to E 2 , organ culture experiments were conducted on both rat and mouse VPs. To validate the use of 3␤Adiol, vehicle-only controls were conducted and explants were similar to T-treated explants (data not shown). Results presented represent the rat organ culture explants (Fig. 8, A-D) , but these effects were also observed in organ cultures using C57BL/J6 mouse ventral prostate lobes (data not shown). In the presence of T, 3␤Adiol was tested at several doses (including 20 m, 10 m, and 1 m), similar to the dose range required for E 2 to induce apoptosis. At the highest dose (20 m), 3␤Adiol caused little change in prostate size and growth (Fig. 8, A and  B) . The extent and pattern of branching morphogenesis was not altered and development occurred similar to explants cultured with T alone (Fig. 8A) . In terms of apoptosis, the incidence of programmed cell death in control explants cultured with T alone was very low, with few cells immunolabeled with the ApopTag detection kit (Fig. 8C) . Similarly, the incidence of apoptosis in explants cultured in the presence of T plus 3␤Adiol (20 m) was also very low (Fig. 8D) .
Effect of E 2 :BSA on mouse prostate development in vitro
To test whether estrogen-induced apoptosis was the result of nongenomic estrogenic actions, we determined the effect of a membrane impermeable conjugate of E 2 , namely E 2 :BSA. Results presented represent the mouse C57BL/J6 organ culture explants (Fig. 8, E-H) . In the presence of T plus E 2 :BSA, branching morphogenesis was similar to T-treated control explants (Fig. 8, E and F) . In terms of apoptosis, the incidence of programmed cell death in control explants cultured with T alone was very low, with few cells immunolabeled with the ApopTag detection kit (Fig. 8G) . Similarly, the incidence of apoptosis in explants cultured in the presence of T plus E 2 :BSA was also very low (Fig. 8H) .
AR expression
Because the estrogen-induced apoptosis observed in both mouse and rat organ culture experiments was not shown to be mediated through ER␣ or ER␤ by two experimental models (using ERKO mice and ER-selective ligands), we investigated the possibility that estrogen was acting indirectly via modulation of AR expression after treatment with T alone and T plus E 2 . After culture in the presence of T alone, AR immunolocalization was detected in both the mesenchymal and epithelial cells throughout WT VP explants (Fig. 9, A and B) . There was variability in AR immunostaining along the prostatic ducts within the proximal and distal regions. In the distal region, where most proliferation and differentiation occurred, AR immunostaining was strong and nearly all cells were immunopositive for AR (Fig. 9A) . In the more differentiated proximal region, where epithelial polarization and lumen formation occurred, there were some cells, particularly in the epithelium that were immunonegative for AR (Fig. 9B) . In contrast, culture in the presence of T plus E 2 using WT mice resulted in a significant decrease in AR immunolocalization in both the distal (Fig. 9C) and proximal (Fig. 9D) regions, particularly in the epithelial cells. AR expression was still detectable in epithelial and mesenchymal cells; however, the number of cells that were immunopositive and the staining intensity were reduced (Fig. 9C) . The decrease in the proximal region was not as significant (Fig.  9D ) compared with the proximal region of explants treated with T alone. ␣ERKO and ␤ERKO mouse VPs treated with T alone showed comparable AR expression to WT VPs (Fig. 9, E and G) . Similarly, ␣ERKO and ␤ERKO VPs cultured in the presence of T plus E 2 also showed significant down-regulation of AR in the distal epithelium as detected by immunolocalization (Fig. 9, F and H).
Discussion
In this study, we have adapted a serum-free prostate organ culture technique to maintain neonatal murine tissues in culture. This system maintains stromal-epithelial interactions within the prostate, as well as allowing prostate growth in defined hormonal environments, where androgen levels can be kept constant. The adaptation of this model to allow organ culture of mouse prostate tissues expands the utility of the system to allow the use of genetically altered mouse models in such studies, in this case, ␣ERKO and ␤ERKO mice.
Here we report that the addition of high-dose E 2 resulted in antiproliferative events including active induction of apoptosis in the prostate epithelium, particularly in the distal tip epithelium, where ER␤ was previously localized (21) . Data presented here also indicated that ER␤ expression was increased in the distal tip epithelium after E 2 treatment. However, using ERKO mice, we failed to demonstrate a specific role for ER␣ or ER␤ in mediating apoptosis because apoptosis was consistently observed after E 2 exposure to prostate glands from either ␣ERKO or ␤ERKO mice. Ideally, we would prefer to test the effects of E 2 in ␣␤ERKO tissues, but because each litter only provides 1:16 double KO males, this experiment was not feasible. Instead, we adapted an alternative approach using ERspecific ligands PPT (ER␣) or DPN (ER␤) and 3␤Adiol (ER␤) and showed these agonists were also unable to induce the apoptotic response. These data implied that apoptosis was caused by a non-receptor-mediated event or was mediated through another indirect estrogen signaling mechanism. We also tested whether the observed apoptosis was due to nongenomic effects of estrogens; however, organ culture experiments using the membrane impermeable conjugate E 2 :BSA failed to demonstrate an effect.
However, subsequent data revealed a down-regulation of AR, which may provide an alternative explanation for the observed apoptosis in the prostate. AR regulation was independent of androgen levels because T was maintained in the culture media, suggesting there was direct modulation of AR protein expression by E 2 . Our data suggested that AR down-regulation occurred independently of either ER subtypes because the effect is observed in ␣ERKO and ␤ERKO prostates. We did not quantitate the decrease in AR protein by Western analysis because examination of whole tissue homogenates would mask the changes in cell-specific expression; using immunohistochemistry we observed a marked loss of epithelial AR. The induction of epithelial cell apoptosis by castration (androgen removal) has been well documented (22, 23) and tissue recombination studies eloquently demonstrated that this epithelial response is a paracrine event mediated through the loss of stromal ARs, rather than reduced stimulation of epithelial ARs (24) . However, in this study we observed a predominant loss of epithelial AR, rather than stromal AR and so it is not convincing that loss of AR protein is the only factor involved in the apoptotic response. Nonetheless, the regulation of AR protein expression by estrogen is important to consider. Pharmacological doses of estrogen have been shown in multiple systems, including the one presented here, to decrease AR levels (5, 9, 10, 25) although the mechanism by which this occurs is not well understood. Prins et al. estrogens that was mediated through ER␣ and partially ER␤, using an in vivo treatment regime. Further studies by the same group have indicated that estrogen alters AR expression posttranscriptionally (via protein degradation), whereas AR mRNA levels may be unaltered (26) . Another suggestion by Weihua et al. (9) was that the AR protein expression is regulated by ER␤, although a definitive mechanism has not been described. Experiments using primary cultures of lizard testis cells (27) and Harderian gland cells (28) have demonstrated that estrogen also down-regulates AR mRNA expression. A recent report revealed a putative estrogen response element in the Hamster AR promoter mRNA (5Ј-untranslated region), although this consensus does not appear to be conserved in human or rodent AR mRNA (29) . Clearly, the link between AR expression and estrogen exposure, at either the protein or mRNA level, requires further investigation. Nevertheless, the down-regulation of AR protein, and therefore androgen function by estrogen, may in part be responsible for the apoptotic response observed here. Interestingly, previous reports using ␤ERKO mice have described elevated expression of AR in the prostate (9, 10), but we did not observe this finding in the current study.
Estrogen acts by multiple signaling pathways in addition to the traditional steroid hormone receptor pathway including biological responses that are 1) ligand independent, where other factors such as growth factors stimulate ERE in the absence of ligand, or 2) ERE-independent actions, where the ligand/receptor complex targets genes by binding to other DNA-bound transcription factors forming a complex that alters downstream gene regulation independent of EREs (30) . Nongenomic effects also occur, where estradiol activates putative membrane-associated binding sites, linked to intracellular signal transduction pathways to generate rapid tissue responses (30 -32) . In contrast to the genomic effects exerted by estrogens and ERs, nongenomic effects occur very rapidly, even seconds to minutes after estrogen exposure, to induce activation of intracellular second messengers such as calcium, nitric oxide formation, activation of kinases such as tyrosine kinases, protein kinase A, protein kinase C, ERK, and protein kinase B (33) . Such effects have been described in neuronal, vascular, and bone systems (34) . No evidence for nongenomic effects of estrogen in the induction of apoptosis in the prostate could be detected in this study using the membrane impermeable conjugate E 2 :BSA.
As a complementary, alternative approach to the use of ERKO mice to study ER-mediated events, we used the recently developed, novel ER subtype-selective ligands. The compound PPT is a potent ER␣ agonist that does not activate ER␤. This results from the fact that it binds with high affinity and 400-fold preference to ER␣, and demonstrates almost no binding for ER␤ (35, 36) . In contrast, the compound DPN is a potency-selective agonist for ER␤ with a more than 70-fold higher binding affinity for ER␤ than ER␣ (37) . These compounds have been used in vivo to examine ER-mediated responses in the mouse uterus (38) and pituitary (39, 40) . In the current in vitro study, the ER subtypeselective ligands failed to induce apoptosis in the developing mouse prostate; however, differential biological responses on branching morphogenesis and cellular differentiation were observed; ER␣ agonist reduced prostate growth, disrupted the spatial organization of the gland, and altered cell differentiation in both epithelial and stromal compartments, whereas ER␤ appeared to cause dilation of the ducts as a result of enhance cellular differentiation and increased secretory activity. Future studies using these selective ligands will further our understanding of ER-mediated events in the prostate other than apoptosis.
The putative ER␤-specific ligand is 3␤Adiol was hypothesized to be a preferred ligand for ER␤ in vivo (9, 10) . 3␤Adiol is a 5␣-dihydrotestosterone metabolite that competes with E 2 for binding to ER␤ and elicits estrogenic responses (10, 41) .
In this study, we tested the effects of 3␤Adiol on the developing rodent prostate in vitro and failed to induce apoptosis. This result indicated that even if 3␤Adiol is the preferred ligand for ER␤, it was unable to elicit an apoptotic response in the prostate gland.
Despite conflicting data fetal exposure to low doses of estrogens has been shown to induce permanent alterations in the prostate gland, including increased adult prostate weight (42) (43) (44) . Neonatal exposure to high pharmacological doses of estrogens has also been shown to elicit effects on the gland, including permanent suppression of prostate growth and induction of epithelial hyperplasia in adulthood (25) . Studies examining the effects of high doses of estrogens on the prostate have predominantly been carried out in vivo, where the direct effects of estrogens are confounded by the down-regulation of the hypothalamic-pituitary-gonadal axis after exogenous estrogen administration (1, 45) . In these in vitro organ culture experiments, we used micromolar concentrations of E 2 , not unlike the pharmacological doses of estrogens given to rodents in developmental toxicology studies (46, 47) and men being treated for prostate cancer in the clinic (48) . A previous report using MCF-7 breast cancer cells showed that, whereas lower concentrations stimulated cell proliferation, high concentrations (Ͼ10 m) of E 2 inhibited proliferation and induced apoptosis by non-ER-mediated actions (49) , similar to that reported here. The mechanism by which high concentrations induce biological changes independent of ERs remains to be determined.
In summary, we demonstrated a direct effect of E 2 on the prostate that includes the induction of apoptosis in rat and mouse organ cultures that was estrogen dependent, but not mediated through ER␣ or ER␤, as determined using ERKO mice and ER-selective ligands. Although androgen levels were maintained in the culture media, AR protein expression was down-regulated, and may provide a possible explanation for the estrogen-induced apoptosis observed. Overall, this study failed to support the hypothesis that ER␤ directly mediates apoptosis in the developing prostate, but raises the possibility of antiproliferative actions in the prostate induced by high concentrations of estrogens through non-receptormediated pathways.
